Verschueren, Sabine M. P., Paul J. Cordo, and Stephan P. ration of afferent pathways in the periphery and the somatoSwinnen. Representation of wrist joint kinematics by the ensemble topic organization of somatosensory cortex (Erickson 1968; of muscle spindles from synergistic muscles. J. Neurophysiol. 79: Kaas et al. 1979) . The identification of movement direction [2265][2266][2267][2268][2269][2270][2271][2272][2273][2274][2275][2276] 1998. Proprioceptive information about movement is has been shown to arise from the integrated input from mustransmitted to the central nervous system by a variety of receptor cle receptors in orthogonally and antagonistic muscles at types, which are widely distributed among the muscles, joints, and each joint (Gilhodes et al. 1986; Roll and Gilhodes 1995) . Houk et al. 1981; Hulliger et al. 1982; Wei et al. 1986 ; see, three muscles [extensor carpi radialis (ECR), extensor carpi ul-however, Bergenheim et al. 1995; Prochazka et al. 1989) . naris (ECU), and extensor digitorum (ED)] were vibrated either The characteristics of single muscle spindle firing patterns individually or in different combinations during the performance (e.g., Houk et al. 1981) leave the impression that each recepof the motor task. Tendon vibration is known to distort muscle tor fires in relation to a number of kinematic variables, inspindle firing patterns, and consequently, kinesthesia. By comparcluding muscle length and velocity, which raises the question ing performance errors with and without tendon vibration, the relaof what role is played by the hundreds or thousands of similar tive influences of muscle spindles residing in ECR, ECU, and ED receptors within the same muscle or across synergistic muswere quantified. Vibration of the individual ECR, ECU, or ED tendons produced systematic undershoot errors in performance, cles (Banks and Stacey 1988; Chin et al. 1962; Voss 1971).
The peripheral coding of direction has been hypothesized to source of information for the perception of movement kinematics.
be based on a population vector (Roll and Gilhodes 1995) , Previous studies that focused on the characteristics of single muscle similar to that described for directionally sensitive neurons spindle firing patterns have left the impression that each receptor fires in relation to a number of kinematic variables, leaving the in motor cortex and other areas of the brain (e.g., Kalaska following question unanswered: what role is played by the ensem-et al . 1983) . In contrast, relatively little is known about how ble of muscle spindles within the same muscle or within synergistic kinematic information is extracted from the population of muscles? The study described in this paper addressed whether the proprioceptive afferents (Burgess et al. 1982 ; Matthews perception of joint position and velocity is based on the net input 1988).
of muscle spindles residing in all synergistic muscles crossing a Most previous studies of the kinematic representations of joint. Normal human adults performed a motor coordination task muscle afferents have focused on how individual muscle that required perception of joint velocity and dynamic position at spindles represent velocity, dynamic position, and static pothe wrist. The task was to open the left hand briskly as the right wrist was passively rotated in the flexion direction through a pre-sition in their firing patterns (Crowe and Matthews 1964a,b;  scribed target angle. In randomly occurring trials, the tendons to Houk et al. 1981; Hulliger et al. 1982; Wei et al. 1986 ; see, three muscles [extensor carpi radialis (ECR), extensor carpi ul-however, Bergenheim et al. 1995; Prochazka et al. 1989) . naris (ECU), and extensor digitorum (ED)] were vibrated either The characteristics of single muscle spindle firing patterns individually or in different combinations during the performance (e.g., Houk et al. 1981) leave the impression that each recepof the motor task. Tendon vibration is known to distort muscle tor fires in relation to a number of kinematic variables, inspindle firing patterns, and consequently, kinesthesia. By comparcluding muscle length and velocity, which raises the question ing performance errors with and without tendon vibration, the relaof what role is played by the hundreds or thousands of similar tive influences of muscle spindles residing in ECR, ECU, and ED receptors within the same muscle or across synergistic muswere quantified. Vibration of the individual ECR, ECU, or ED tendons produced systematic undershoot errors in performance, cles (Banks and Stacey 1988; Chin et al. 1962; Voss 1971) .
consistent with the misperception of wrist velocity and dynamic Although the discharge pattern of an individual muscle position. Performance errors were larger when combinations of, spindle afferent is sufficiently complex to represent both the rather than individual, muscle tendons were vibrated. The error position and velocity of the joint (e.g., Houk et al. 1981) , resulting from simultaneous vibration of ECR and ECU was there are a number of reasons to suggest that kinesthesia is roughly equal to the sum of the errors produced by vibration of the derived from the ensemble of afferents responding to joint individual tendons. These effects of vibrating synergistic tendons at rotation. Each muscle spindle afferent in a given muscle the wrist suggest that kinesthesia is derived from the integrated has a relatively individualistic response to the same muscle input of muscle spindles from all synergistic muscles. stretch (e.g., Burgess et al. 1982) . Similarly, joint rotations often stretch groups of synergistic muscles with somewhat I N T R O D U C T I O N different mechanical actions, which could lead to different average response characteristics from the receptor populaThe central nervous system (CNS) uses proprioceptive tion of each muscle. Finally, the response of each individual information to coordinate a wide variety of motor activities receptor includes a number of nonlinear characteristics, in-(e.g., Hasan 1992; McCloskey and Prochazka 1995; Rothcluding rate sensitivity, hysteresis, adaptation, and thixotwell et al. 1982) , and an important source of this information ropy (e.g., Burgess et al. 1982; Gregory et al. 1988 ; Proske is muscle spindle primary and secondary afferents (Burgess et al. 1993) . The ensemble response could provide a means et Gandevia and Burke 1992; Matthews 1982, for the CNS to derive an accurate sense of kinesthesia from a 1988). Input from proprioceptive afferents informs the CNS population of idiosyncratic, nonlinear receptors ; about which joints are rotating, and the movement direction Cordo et al. 1994; Hall and McCloskey 1983) . and kinematics at each joint. The identification of which joints are rotating presumably arises from the anatomic sepaAnother difficulty in deriving an accurate perception of joint kinematics is the potential ambiguity of sensory information from receptors in multiarticular muscles. As muscle spindles in multiarticular muscles respond to movement at multiple joints, the CNS needs an independent source of information, such as receptors in monoarticular muscles (Burgess et al. 1982) or cutaneous receptors (Clark et al. 1985; Collins and Prochazka 1996; Ferrell and Milne 1989) , to correctly interpret sensory input from multiarticular muscles. Consistent with this idea, vibration of tendons to multiarticular muscles has been reported to produce quite different effects, depending on whether or not one of the joints crossed by the muscle was being rotated while the vibration was being applied (Burgess et al. 1982) . Thus variation in response characteristics, nonlinear response properties, and the presence of multiarticular muscles are all potentially confounding elements in the interpretation of proprioceptive information, suggesting that the CNS integrates and processes input from the entire receptor ensemble to obtain an accurate representation of kinematics.
The experiments described in this paper examined the effects of tendon vibration on a group of synergistic monoarticular and multiarticular muscles at the wrist during the performance of a motor task requiring the use of kinesthesia (Cordo 1990; Cordo et al. 1994 Cordo et al. , 1995a . In this task, the subject indicates with a ballistic finger movement when another passively rotating joint, such as the elbow, passes through a prescribed target angle. Because of neuromuscular delays and the absence of visual feedback, the accurate performance of this task requires the use of proprioceptive information related to the dynamic position and velocity of the with the right hand in a wrist rotator and an electrical continuity detector Tendon vibration is a powerful stimulus for muscle spin-on the left thumb and index finger. B: 3 vibrators are applied to the wrist dle Ia afferents (Brown et al. 1967; Burke et al. 1976 ). The extensor tendons, 2 small vibrators on the extensor carpi radialis (ECR) purpose of the experiment described in this paper was to and extensor carpi ulnaris (ECU) and a large, servo-controlled vibrator on the extensor digitorum (ED).
determine whether the CNS uses proprioceptive input from all synergistic muscles at a joint, both monoarticular and multiarticular, to construct a perception of joint kinematics. subject sat at the table and inserted the right hand into a U-shaped We hypothesized that the CNS uses all proprioceptive infor-cuff that held the wrist in the neutral position, which was defined as 0Њ. The upper arm was abducted Ç60Њ from the vertical, and mation from synergistic monoarticular and multiarticular the forearm was oriented parallel to the table surface. The forearm muscles to determine accurately the kinematics of movewas constrained so that movements were restricted primarily to ment, and that cutaneous input is used to eliminate ambiguity the wrist joint. The wrist was passively rotated by an hydraulic from sensory information provided by receptors in multiar-actuator, and a potentiometer transduced the wrist angle. Hand ticular muscles.
opening was detected by breaking the electrical continuity through two metal contacts circling the thumb and the index finger of the M E T H O D S left hand. The left hand was chosen for practical reasons; however, A total of 14 human subjects (aged 24-47 years) with no known the results should not have been influenced by which hand perneuromuscular deficits participated in this study, most in more formed the hand-opening task as previously shown in a direct than one experiment. Each subject provided written consent for comparison of ipsilateral versus contralateral hand opening (Cordo participation according to local human subjects procedures. . subjects sat at a table with an hydraulic cylinder that passively A graphics screen positioned in front of the subject displayed rotated the wrist, and they were instructed to open the left hand two stationary vertical lines, one representing the starting position briskly when the right wrist was rotated through a prescribed target of the wrist and the other representing a target angle. The distance angle (see also Cordo et al. 1994) . In preselected trials, vibration between the two lines represented 25Њ of wrist rotation. A third, was applied transversely to the tendons of several extensor muscles nonstationary vertical line represented the angular position of the crossing the wrist joint. The kinematics of wrist rotation, time of wrist. An opaque screen prevented the subject from seeing the hand opening, and in some subjects, electromyographic (EMG) right arm. activity were recorded. The importance of proprioceptive input from each muscle was inferred from the influence of tendon vibra-Procedures tion on the subject's accuracy with the task.
The general methodology has been reported previously and will
Experimental apparatus
be described briefly here (Cordo et al. 1995b) . The motor task was to open the left thumb and index finger briskly when the The experimental apparatus consisted of a manipulandum table that controlled the angular position of the wrist (Fig. 1) . Each right wrist was passively rotated in the flexion direction through a prescribed target angle. The starting angle was 0Њ, the target angle was 25Њ, and the final angle was 35Њ. The velocity of wrist rotation (15, 20, 25, 30Њ/s) was constant in each trial and randomized across trials, so subjects were unaware of the velocity of the upcoming trial. Without vision of the movement nor the ability to predict the wrist velocity, subjects were left with proprioception as the only useful source of information to control this motor task.
Before the start of each trial, a line appeared on the graphics screen to indicate that the wrist was at the start position. As the wrist began to rotate, the line disappeared and did not reappear until the moment the subject opened the hand. On reappearance, the position of the line matched the wrist position at the moment of hand opening to provide the subject with knowledge of results. Knowledge of results was provided only in control trials.
Nine subjects participated in three practice sessions, usually on consecutive days. Each practice session consisted of 60 trials, 15 at each of the 4 wrist rotation velocities, presented in randomized order. The intertrial interval was 4-5 s resulting in an overall session duration of Ç10 min. The purpose of the practice sessions was to minimize the variability of subjects' performances in trials without tendon vibration, which facilitated statistical comparison to their performance when vibration was used to disrupt proprioceptive information. To familiarize the subject with the weight and pressure of the vibrators, the last practice session was performed with a cast on the forearm and the vibrators attached to the cast.
Tendon vibration sessions consisted of 240 trials: 120 control trials (i.e., no vibration) and 120 trials with tendon vibration. In trials with tendon vibration, the tendons to the extensor carpi radialis (ECR), extensor carpi ulnaris (ECU), or extensor digitorum (ED) were vibrated, either individually or in one of two combina-
tions (ECR & ECU or ECR & ECU & ED)
. In each experimental session, 24 trials were run with vibration of each individual tendon and both combinations of tendons, 6 at each velocity of wrist rotation. Control trials were alternated with vibration trials, but the sequence was randomized with respect to vibrated tendons and fects of tendon vibration (Rogers et al. 1985) .
Vibration of the ECR and the ECU tendons was produced by two small vibrators (Fig. 1 ). This type of vibrator is constructed ED muscle bellies, and the amplified signal (110,000) was bandfrom a DC motor (Maxon 34EBA201A) and probe (3 1 12 mm), pass filtered before digitization at 2 kHz. which is driven orthogonally to the motor by a double, inside cam.
In one of four control experiments, standard microneurographic This design counter balances the action of the motor and eliminates techniques (Vallbo et al. 1979 ) were used to record from single nearly all vibration except at the end of the probe. A semicircular muscle spindle afferents in three subjects (Fig. 2) . The purpose thermoplastic cast was constructed for each subject's forearm to of this experiment was to ensure that the effects of vibrating the provide a solid mounting surface for the two small vibrators and tendon to a particular muscle were largely confined to the sensory to maintain a fixed position of the probe during the whole range receptors in that muscle, i.e., that vibration of one tendon did of wrist rotation. During mounting, the vibrators were positioned not activate muscle spindle receptors in neighboring synergistic over the ECR and ECU tendons to determine the point at which muscles through cross talk. The activity of six muscle spindle the most intense illusion of movement was produced. The ED afferents (2 from ED and 4 from ECR) was recorded during 60-tendon was vibrated by a force-controlled and displacement-con-Hz vibration of ED, ECR, or ECU. trolled tendon vibrator (Bruel and Kjaer model 4809), as described Vibration of the tendons to neighboring muscles had little or no in Cordo et al. (1993) . With all three vibrators, the vibration excitatory effect on the firing rate of the six muscle spindle afferamplitude was set to 0.7-1 mm and the frequency to 60 Hz. The ents analyzed in this control experiment. Figure 2 shows the firing static pressure of the probes on the tendons was adjusted to evoke patterns of a representative muscle spindle afferent from ED, which the most pronounced sensation of displacement and movement responded best to passive flexion of the index finger. In the absence with the wrist at the start position. In most subjects, vibration of of tendon vibration ( Fig. 2A) , the afferent fired with a background the ECR tendon alone, with the wrist held in the start position, discharge of Ç10 Hz. During 60-Hz vibration of the tendon to the produced an illusion of pronation/flexion of the wrist, vibration of index finger (Fig. 2B ), the afferent fired at 60 Hz, demonstrating ECU produced an illusion of supination/flexion, and vibration of a one-to-one relationship to the applied vibration. However, vibrat-ED tendon alone produced an illusion of pure wrist flexion. In ing the ECR (Fig. 2C ) or ECU tendons ( Fig. 2D ) did not activate vibration trials during the experiment, the onset of vibration oc-the unit; rather, vibration of the neighboring tendons appeared curred 2 s before the onset of wrist rotation.
to decrease the background firing rate, possibly due to muscle Subjects were instructed to avoid contracting muscles in the arm contraction and receptor unloading evoked by the tendon vibration during wrist rotation or tendon vibration, either voluntarily or as reflex. The other five afferents behaved similarly to the one disa result of a tendon vibration reflex. In four subjects, the EMG played in Fig. 2 . activity was recorded (Noraxon) from the wrist extensors. In these In the second control experiment (see Fig. 8 ), the assignment of tendon vibrators to muscles was changed to ensure that differsubjects, surface electrodes were placed over the ECR, ECU, and ences in the effects obtained with the two types of vibrator were both wrist velocity and vibration condition was used to test for differences among the four velocities and the five vibration condinot related to the inherent characteristics of these devices. In this control experiment performed on two subjects, the force-controlled tions. Significant effects were defined as those at the P õ 0.05 probability level. When significant effects were found, contrasts and position-controlled vibrator was applied to the ECR tendon, and a small vibrator was applied to the ED tendon. An abbreviated were defined to identify specific influences. protocol was run in which trials with either ECR or ED vibration was alternated with control trials in a pseudorandom sequence.
R E S U L T S
Once this protocol was completed, the two vibrators were switched, and the protocol was rerun.
Vibration of the extensor tendons at the wrist disrupted In a third control experiment, 60-Hz tendon vibration was ap-proprioceptive information, and consequently, subjects proplied to the right ED tendon with a small vibrator at two locations: duced systematic errors in the motor task. Two single trials the wrist and the dorsal aspect of the hand 2 cm proximal to the from the same subject at the same wrist velocity (15Њ/s) are metacarpophalangeal joint. At a point 2 cm distal to the wrist joint, illustrated in Fig. 3 , one without vibration ( A) and one with the spread of the ED tendons is Ç1 cm, and therefore, the vibrator vibration of the ECR tendon of the moving hand (B). In the probe contacted the tendons of the three middle fingers. Because trial without vibration, the subject opened the contralateral all four finger tendons are connected by the connexus intertendinei, it is likely that vibration 2 cm distal to the wrist activated muscle hand when the wrist passed through the target angle. In spindles in all four compartments of ED. Ten subjects were tested contrast, when the ECR tendon was vibrated, the subject in this experiment, and all were naive as to the nature of the opened the hand Ç400 ms early, resulting in a 7.5Њ underexperimental question. Each subject was instructed to keep the shoot error. Undershoot errors are consistent with the percepright arm relaxed and to report whether the vibration evoked a tion that the joint is more flexed and rotating faster than it sensation of movement, and if so, where the movement was per-actually is (e.g., Cordo et al. 1995b; Goodwin et al. 1972;  ceived to take place. Sittig et al. 1985 Sittig et al. , 1987 . The EMG traces of the ECR shown
In a fourth control experiment, skin stretch caused by wrist or in Fig. 3 show that the subject was generally relaxed as finger flexion was measured at the wrist and 2 cm proximal to the instructed, although a small stretch reflex is evident in later metacarpophalangeal joint in seven subjects. A 1-cm long line in phases of wrist rotation.
the proximal-to-distal direction was drawn on the skin at each of these two locations with the wrist and fingers in their anatomically neutral positions (i.e., 0Њ). The lengths of the two lines were mea-Practice and accuracy without tendon vibration sured with precision calipers either with the wrist flexed 90Њ and fingers at 0Њ or with the fingers flexed 90Њ and the wrist at 0Њ. In
The subjects' performances with the motor task improved each subject, three measurements were taken and averaged for each across the three practice sessions (i.e., without tendon vibralocation and each joint rotation. tion). The height of each bar in Fig. 4 represents the average error for nine subjects. In each group of three bars, the left Data analysis bar represents the error from the first practice session, the middle bar the error from the second practice session, and
In the practice sessions, the average wrist angle at hand opening the right bar the error from the third practice session.
was calculated for each wrist velocity for each subject. Two stan-
In Fig. 4A , the constant error (as defined in METHODS ) is dard measures were used to define task performance: constant error plotted for the three practice sessions at each of the four and variable error (e.g., Poulton 1974) . Constant error was defined as the difference between the target angle and the wrist angle at velocities. The error decreased significantly over the three hand opening for each test condition in each subject. Variable error practice sessions (F[2,16] Å 7.25, P õ 0.05). Linear regreswas defined as the standard deviation of the constant error for each sions of constant error versus velocity are superimposed for test condition in each subject. The grand means (SDs) of the each practice session. The slopes indicate the extent to which constant and variable errors were determined for all nine subjects. subjects used velocity information to coordinate the motor The effect of practice was defined by the change in error across task. Velocity information is needed to perform the task the three practice sessions. The slope of the linear regression of accurately due to the neuromuscular delay during which senthe relationship between wrist velocity and constant error was calsory information is transmitted to the brain and processed culated for each session. The value of this slope reflects the use to produce a motor response. The angle at which the subject of velocity information in the control of this task; lower values of opens the hand is defined by a proprioceptively detected slope indicating more effective use of velocity information (Cordo et al. 1994) . Repeated measures analysis of variance (ANOVA) ''triggering angle'' and the subsequent angular distance was used in the statistical analysis of practice session data. The through which the wrist rotates during the neuromuscular ANOVA on the constant error data were performed on the absolute delay. The relationship between the hand-opening angle and value of constant error (i.e., ''absolute error'') (Poulton 1974) , wrist velocity and position is because negative and positive constant errors would otherwise canhand-opening angle cel each other out, thereby hiding the learning effect.
In the tendon vibration experiment, the average wrist angle at Å triggering angle / neuromuscular delay 1 velocity (1) hand opening was calculated for each subject, vibration condition, and wrist velocity. A grand mean { SD was determined for all
The triggering angle represents the wrist position, at a subjects. The effect of vibration was quantified as the difference particular velocity, at which the triggering process must be in wrist angle at hand opening between trials with and without initiated for the hand to open when the wrist reaches the vibration. A negative difference indicated that the vibration had target angle. The triggering angle is close to the target angle caused subjects to overestimate the displacement and/or the velocin slow wrist rotations, and it is farther away in fast wrist ity of wrist rotation, thereby leading them to undershoot the target rotations. The neuromuscular delay is Ç200 ms (Table 1) detected the onset of a 30Њ/s rotation of the right wrist (see overshoot at higher velocities (Cordo et al. 1994) . Thus, if the subject uses velocity information to predict accurately also Cordo et al. 1994) . Reaction time was defined as the delay between the onset of right wrist rotation and the break the triggering angle and dynamic position information to detect when the triggering angle has been reached, the slope in electrical contact between the left thumb and index finger. If wrist velocity were not used for prediction, the subject of the relationship between velocity and constant error should be zero. When the slope was steeper, the subject used would undershoot the target angle at slow velocities and less velocity information to predict how far the wrist would rotate during the neuromuscular delay. During the first practice session, subjects tended to undershoot at slow velocities and overshoot at fast velocities, resulting in a steep slope, indicating that they were not using velocity information sufficiently to perform the motor task accurately. Over the three practice sessions, the slope became significantly smaller (F[2,16] Å 12.54, P õ 0.005). Contrast analysis showed that, in the third session, the slope was significantly different from that in the first and second sessions (P õ 0.05); the slopes from the first and second sessions were not significantly different from each other (P ú 0.05). Considerable interindividual differences were observed in slope change among the subjects, as shown in Table 2 . A few subjects had a flat slope beginning in the 207 { 44.0 sents the grand mean of the error in 9 subjects. In each group of 3 bars, the left bar represents the 1st practice session, the middle bar the 2nd 6 210 { 24.9 7 186 { 52.7 practice session, and the right bar the 3rd practice session. Each group of 3 bars represents the error in trials at a single wrist velocity (i.e., 15, 20, Grand mean 196 { 15.6* 25, or 30Њ/s). The regression lines in A are plotted to the 4 grand mean values for a given practice session.
Values are means { SD. * SD of individual subjects' means. 0.0005). Adding ED vibration to the combination of ECR and ECU further increased the undershoot error to Ç4-7Њ. The increase in error resulting from the addition of a third first practice session, whereas others were unsuccessful in vibrated tendon was marginally significant (F[1,11] Å 4.31, substantially reducing the steepness of the slope across the P Å 0.06). three sessions. However, the slope decreased across the three During simultaneous vibration of more than one tendon, sessions in the majority of the subjects. In contrast to the the resulting performance errors were roughly equivalent to constant error, the variable error (as defined in METHODS ) the sum of the errors produced by vibration of the individual did not decrease significantly (P ú 0.05) as a result of muscles. In Fig. 7 , the cross-hatched bars represent the mathpractice (Fig. 4B) .
ematical sum of the individual vibration effects. The sum of During practice, performance errors in the wrist-hand task differed from performance in a similar task involving passive rotation of the right elbow and hand opening with the right thumb and index finger (''elbow-hand task'') (see Cordo et al. 1994 ). In the elbow-hand task, the variable error decreased, but the constant error did not. Figure 5 compares subjects' performances in the elbow-hand (Cordo et al. 1994 ) and wrist-hand tasks over comparable velocity ranges. In Fig. 5A , which shows data from the first practice session, both positive and negative constant errors (data points) were considerably larger in the wrist-hand task ( ᭺) compared with the elbow-hand task (q). As also shown in Fig. 4 , the slope of the relationship between constant error and velocity is relatively high in the wrist-hand task, indicating that velocity information was not effectively used. During the first practice session (Fig. 5A) , the variable error (error bars) was also larger in the wrist-hand task. In Fig. 5B , which shows data from the third practice session, the constant error was roughly the same for the two tasks, and the variable error (and slope) in the wrist-hand task decreased to a level only marginally greater than that in the elbow-hand task. Thus, before practice, precision was higher in the elbow, whereas after practice it was comparable in the two joints.
Effect of ECR, ECU, and ED vibration
Tendon vibration produced systematic errors in subjects' performance of the task. Vibration of the individual ECR, ECU, or ED tendons during performance of the motor task resulted in undershoot errors, although the size of error depended on the muscle vibrated. Vibration of each of the three tendons significantly affected the constant error compared with the control trials (contrasts: ECR: F [1, 12] constant error is contrasted for the wrist-hand task (᭺; 9 subjects) and F [1, 12] Å 55.62, P õ 0.0001). In Fig. 6 , negative values on elbow-hand task (q; 9 subjects) in the 1st practice session. B: constant the ordinate represent mean constant error in the undershoot error is contrasted for the 3rd practice session. Error bars represent the SD of the subject means. ED tendons (F[1,12] Å 30.78, P õ 0.0001). The maximum illusory displacement of the rotating elbow caused by 40-different effects were evoked by the two types of vibrators, to 60-Hz tendon vibration is 8-10Њ (e.g., Cordo et al. 1995b;  the tendon stimulated by each type of vibrator was switched Sittig et al. 1985) , so that the 8Њ maximum shown in Fig. in a control experiment in two subjects. 7 for vibration of all three wrist tendons might represent a As shown in Fig. 8 , the small vibrator caused a bigger saturation effect. As with vibration of individual muscles undershoot than the force-controlled and position-controlled (Fig. 6) , the effect of vibrating a combination of tendons vibrator, to a small extent in one subject (A) and to a greater decreased with increasing velocity (main effect for velocity extent in the other subject (B). The filled bars represent in 5 vibration conditions 1 4 velocities ANOVA: F [3, 33] Å the effect of vibration by the force-controlled and position-31.65, P õ 0.0001).
controlled vibrator, and the open bars represent the effect of the small vibrator. The increased effect of the small vibrator Vibration cross talk and differences in the two vibrators Vibration of the ED tendon produced significantly larger undershoot errors compared with ECR or ECU vibration (see Figs. 6 and 7) . One possible cause of this disparity is that vibration of one tendon was transmitted to tendons of synergistic muscles on either side through bone and soft tissues. To rule out this possibility, afferent responses were recorded and failed to show significant evidence of cross talk (see Fig. 2 ). We acknowledge that afferent responses were obtained in this control with the wrist stationary rather than during wrist rotation, as during the behavioral task; however, there is no obvious reason why vibration should the other on ECR and ECU. To rule out the possibility that J687-7 / 9k28$$my26 04-08-98 17:32:30 neupal LP-Neurophys was more pronounced with ECR vibration (difference of was to address the representation of movement kinematics by the ensemble of proprioceptors from synergistic wrist Ç4Њ). In the condition where the small vibrator was placed on ECR and the feedback controlled vibrator on ED, ECR extensors, it seemed relevant to compare the performance characteristics in the wrist-hand task with those in the elbowvibration had the largest effect. With the small vibrator on the ED tendon, ED vibration had the biggest effect. These hand task, because this is the first published report of the wrist-hand task, and because proprioception is more precise results suggest that the bigger effect of ED found in the main experiment (average performance of 13 subjects) oc-at proximal compared with distal joints in the upper and lower extremities (e.g., De Dominico and McCloskey 1987; curred even though the less effective vibrator was used to excite ED receptors.
Hall and McCloskey 1983; McCloskey 1993) . Differences were found in the performance accuracy of the two motor tasks. In the elbow-hand task, little or no Vibration and skin stretch at the wrist and hand practice was required to use proprioceptive information efIn the motor task performed in this study, vibration of the fectively; accuracy was high from the outset (Cordo et al. ED tendon at the wrist produced errors in the perception of 1994). The only learning observed in the elbow-hand task wrist angle and velocity. To understand more fully why was a small decrease in the variable error at the fastest vibration of the tendons to finger extensors should influence velocity of elbow rotation, and only during the 1st 30 trials wrist kinesthesia, two control experiments were carried out. of the 1st practice session. In the wrist-hand task, however,
In one control experiment performed on 10 naive subjects, the accuracy increased significantly over three practice sesthe ED tendon was vibrated at the wrist and 2-cm proximal sions as shown by a decrease in constant error (Fig. 4) . to the metacarpophalangeal joint. Ten of 10 subjects reported Practice was also associated with a significant decrease in an illusion of wrist flexion when vibration was applied at the slope of the relationship between the hand opening angle the wrist and an illusion of finger flexion at the metacarpo-and velocity of wrist rotation (Table 2) , which suggests that phalangeal joint when vibration was applied to the back of practice allowed subjects to use velocity information more the hand.
effectively. At the end of the three practice sessions, there In the other control experiment performed on seven sub-was little difference in the performance of the wrist-hand jects, skin stretch was measured at the same two sites during and elbow-hand tasks (Fig. 5) . The constant error was nearly a 90Њ wrist flexion or a 90Њ finger flexion. When the wrist identical for both joints, and the variable error was only 10-was flexed, the skin at the wrist was stretched by an average 20% larger in the wrist-hand task (Fig. 5) . The larger variof 2.2 { 0.4 (SD) mm, whereas the skin 2 cm proximal to able error in the third practice session with the wrist-hand the metacarpophalangeal joint stretched by only 0.2 { 0.5 task might have been caused by the cast and tendon vibrators mm. When the finger was flexed, the skin on the back of on the forearm, and with additional practice it might have the hand stretched by an average of 1.2 { 0.3 mm, and the decreased further. skin at the wrist stretched by 0.3 { 0.3 mm. Thus the joint
The differences in accuracy between the elbow-hand and causing the greatest skin stretch corresponded to the joint at wrist-hand tasks must have been a result of differences in which vibration evoked an illusion of movement.
proprioception from the wrist and elbow rather than the hand used in the task because identical results were obtained in D I S C U S S I O N the elbow-hand task whether the ipsilateral or contralateral hand was used (Cordo et al. 1994) . In contrast, larger errors The CNS uses the information provided by proprioceptors were observed in centrally controlled throwing movements to coordinate a wide variety of motor activities (Hasan 1992;  when throwing was performed with the nondominant hand McCloskey and Prochazka 1995; Rothwell et al. 1982), and (Hore et al. 1996) . Previous studies have demonstrated that muscle spindles are likely to be an important source of this proprioceptive acuity is better in proximal joints compared information (Burgess et al. 1982; Gandevia and Burke 1992;  with distal joints of the extremities. This trend for proprio Matthews 1982) . The importance of muscle spindle input ceptive acuity has been demonstrated for the detection of in kinesthesia has been inferred from the proprioceptive illumovement (Goldscheider 1889; Hall and McCloskey 1983; sions evoked by tendon vibration (Goodwin et al. 1972; Refshauge et al. 1995) and for the perception of static posi- Sittig et al. 1985) and from the close relationship between tion De Dominico and McCloskey 1987) , and muscle spindle firing patterns and movement kinematics it has been hypothesized to result from peripheral factors (Crowe and Matthews 1964a; Houk et al. 1981; Matthews such as the distributions of muscle spindles (Scott and Loeb 1963) . 1994) or muscle length (Hall and McCloskey 1983; McCloskey 1993) . However, the results of the study reported in Use of proprioceptive input in the coordination of the this paper suggest that this proximal-to-distal gradient in wrist-hand task proprioceptive acuity might not be exclusively related to peripheral factors, because this gradient disappeared in the In previous studies (Cordo 1990; Cordo et al. 1994 Cordo et al. , 1995a , it was shown that the CNS uses proprioceptive in-wrist after practice. This gradient might also be related to central factors. Practice-related changes in proprioceptive formation related to both the dynamic position and velocity of elbow rotation to trigger a sequential movement of the acuity are possible, because the cortical representations of the digits have been shown to increase dynamically as a hand within an elbow-hand movement task. The study reported in this paper involved the identical motor task with result of practice (Nudo et al. 1996) , whereas these representations decrease in size when sensory input from that part the exception that a passive wrist rotation, rather than elbow rotation, preceded a coordinated movement of the hand. Al-of a limb diminishes (Merzenich et al. 1990 ). The subjects participating in the study reported in this paper were subthough the main purpose of the study described in this paper J687-7 / 9k28$$my26 04-08-98 17:32:30 neupal LP-Neurophys jected to a total of 420 trials over 4 practice and experimental muscle spindle afferent did not evoke a perception (Macesessions, which took place over a total period of 1 1 / 2 -2 h. field et al. 1990) demonstrates that the brain requires input Such extensive experience with the motor task could have from more than one muscle spindle afferent to perceive led to improved sensory acuity; however, a more comprehen-movement. sive learning study of proprioceptive acuity at different joints
In the study reported in this paper, two observations supwould be desirable. port the hypothesis that movement kinematics are uniquely represented by the ensemble of muscle spindles from synergistic muscles. First, the undershoot errors resulting from Integration of proprioceptive information vibration of combinations of wrist extensors were clearly The hypothesis underlying this study was that kinesthesia larger than the errors produced by vibrating one of these originates from the integrated input of the receptor ensemble muscles by itself. The error caused by simultaneous vibration among synergistic muscles at a joint. This hypothesis is of the ECR and ECU tendons was not significantly different based on the idea that kinematic information represented by from the mathematical sum of the individual errors. Simithe receptor ensemble is not present at all, or is present with larly, vibration of the ED tendon evoked large errors that lower precision, in the firing patterns of individual receptors. also partly summed with those evoked by ECR and ECU A number of previous studies have hypothesized that both tendon vibration. These results suggest that the propriocepmotor output and somatosensory input are based on ensem-tive input from sensory receptors in all three of these muscles bles of neurons.
contributed significantly to the perception of dynamic joint At the level of motor output, movement direction can be position and velocity (Fig. 7) . described accurately by a population vector in the primate A second reason suggesting that kinematics are repremotor cortex (Fu et al. 1993 (Fu et al. , 1995 Georgopoulos et al. sented uniquely by the ensemble of muscle spindles at a joint Schwartz , 1993 , premotor cortex (Caminiti et is that, for signals from muscle spindles in multiarticular al. 1991; Fu et al. 1993 Fu et al. , 1995 , parietal cortex (Kalaska et and multifunctional muscles to be interpretable, additional al. 1983) , and cerebellum (Fortier et al. 1989 ). According information is required. For the purposes of this study, the to Schwartz (1993) , movement velocity as well as direction ECR and ECU are treated as monoarticular muscles, alis represented in the vectorial population code of motor cor-though the origin of these two muscles is actually just above tex cells. the elbow. Nevertheless, each of these muscles is multifuncAt the level of somatosensory input, a population code has tional, contributing to wrist rotation, flexion-extension, and been proposed for somatosensory information transduced by abduction-adduction. Vibration of the ED tendon, which cutaneous receptors, Golgi tendon organs, and muscle spin-crosses both the wrist and the metacarpophalangeal joints dles. Ray and Doetsch (1990a,b) showed that an ensemble and is commonly viewed as a finger muscle, produced underof cutaneous afferents in the raccoon is needed to represent shoot errors in the wrist-hand motor task that were even unambiguously the intensity and location of tactile stimuli. larger than those produced by vibration of ECR or ECU Crago et al. (1982) and Hulliger et al. (1995) showed in (Figs. 6 and 7) . Clearly, the muscle spindle input from the the cat that populations of Golgi tendon organs represent ED is not ignored by the CNS in constructing its perception more reliably the total active force produced by a muscle of wrist kinematics. In normal movement, however, ED musthan individual tendon organs. Bergenheim and co-workers cle spindles are activated by both wrist and finger flexion, (1995) found that a population of muscle spindle afferents making the proprioceptive information from afferents of that in the cat discriminated better among different speeds and muscle ambiguous and uninterpretable with respect to either amplitudes of muscle stretch than did individual afferents. joint without additional information from other afferents Interestingly, this difference between single units and ensem- (Burgess et al. 1982) . bles disappeared after cutting the ventral root, which led to
The additional information required to interpret the musthe hypothesis that the gamma system plays an important cle spindle input from multiarticular and multifunctional role in ensemble coding by muscle spindles. Fusimotor activmuscles could potentially be provided by a number of differity appears to decorrelate the firing patterns of individual ent sources. One source might be muscle spindles in monoarmuscle spindles, which enhances the information transmisticular/unifunctional muscles (e.g., Burgess et al. 1982 ; Sision by ensembles of muscle spindle afferents (Bergenheim mon et al. 1982) . Activation of ED muscle spindles in the et Inbar et al. 1979; Johansson et al. 1995; Milgram absence of ECR and ECU activity could signal pure finger and Inbar 1976).
flexion, and activation of ECR and ECU muscle spindles in In humans, it has so far been impossible to record simultathe absence of ED activity could signal simultaneous wrist neously from ensembles of muscle spindle afferents. Conseflexion and finger extension at a velocity that exactly counquently, the representation of movement kinematics by enterbalances the stretch evoked by wrist rotation. However, sembles of receptors has been limited to studies of percepmuscle afferent input alone seems insufficient to differentiate tion. Because simultaneous vibration of two orthogonally all possible combinations of wrist and finger motion. Activaoriented muscles in the stationary wrists of human subjects tion of ECR and ECU muscle spindles in combination with resulted in a single illusion with a specific direction, Roll and those from ED does not always signal a pure wrist move- Gilhodes (1995) concluded that the CNS must continuously ment, because part of ED muscle spindle activity can be integrate the input from all muscle spindles involved in a caused by additional finger movement. The illusion of wrist movement to decode movement direction. Similarly, vibraflexion produced by ED vibration in the stationary wrist tion of antagonistic muscles can change or completely elimiwould seem to require information from some other source, nate the vibration-induced illusion of joint rotation (Gilhodes et al. 1986) . The observation that stimulation of a single because in normal movement conditions, wrist flexion would J687-7 / 9k28$$my26 04-08-98 17:32:30 neupal LP-Neurophys never occur without the activation of ECR and ECU muscle cles as well as all receptor types responding to the move
